Introduction {#Sec1}
============

Sertoli cells, the first male-specific cells generated during embryo development which play an important role in male determination and in male gonadal development, have been widely studied regarding their functions in immunosuppression, male reproductive development, and co-culture technique \[[@CR1]--[@CR3]\]. However, the deriving mechanisms of Sertoli cells remain unresolved \[[@CR4]--[@CR9]\].

Sertoli cells are of great value in co-culture technique to provide immunosuppression for tissue transplant \[[@CR10]\]; to improve the survival and proliferation of neurons \[[@CR11], [@CR12]\], mesenchymal stem cells \[[@CR3], [@CR13]\], islets \[[@CR1]\], endothelial cells \[[@CR14]\], and hepatocytes \[[@CR15]\]; and to promote the maturation of spermatogonial stem cells (SSCs) \[[@CR16], [@CR17]\]. However, it is difficult to produce a large number of Sertoli cells by using conventional methods. Mature Sertoli cells, being mitosis inactive, and TM4 cells, a semi-permanent engineered Sertoli cell line, are not suitable for developmental mechanism studies, clinical applications, and co-culture techniques \[[@CR7], [@CR18]\]. It has been demonstrated that eSCs are well functional in supporting other cells and superior in supporting the development of SSCs as feeder cells compared to mature Sertoli cells or TM4 cells \[[@CR17]\]. Therefore, eSCs have great potential in basic research studies and clinical applications. Unfortunately, it is difficult to obtain a large number of eSCs from embryos \[[@CR6], [@CR17]\]. To generate eSCs, some studies improved the population of Sertoli cells from human embryonic stem cells by reducing the size of the cultured cell colonies \[[@CR19]\], or generated embryonic Sertoli-like cells transdifferentiated from mouse fibroblasts \[[@CR20]\]. However, the regulation of cell colonies referred to repeated FACS, which might results in cell loss and damage. Moreover, the induced eSCs transdiffered from fibroblast have some limitations to stimulate the in vivo generation of Sertoli cells.

In this scenario, we hold the opinion that the novel efficient eSC-inducing approaches established on a mouse embryonic stem (mES) cell developmental model can contribute to future research studies, such as in co-culture or co-transplant techniques. Regarding the in vivo developmental process leading to Sertoli cells, the most widely accepted theory indicates that the SF1-positive somatic cells in coelomic epithelial are the main precursor cells of pre-Sertoli cells \[[@CR21]\]. Firstly, the somatic cells in coelomic epithelial originate from the mesoderm involving the expression of SF1 \[[@CR22]\], WT1 (−KTS isoform) \[[@CR9], [@CR23]\], GATA4 \[[@CR9], [@CR24], [@CR25]\], Lhx9 \[[@CR26]\], Emx2 \[[@CR27]\], Pod1 \[[@CR9]\], TIF1β \[[@CR9]\], TIF2 \[[@CR9]\], and Insr \[[@CR9]\]. Secondly, these somatic cells migrate into bi-potential gonads referring to the expression of SIX1/4 \[[@CR28]\], FOG2/GATA4 \[[@CR24]\], Cbx2 \[[@CR29]\], Map3k4 \[[@CR30], [@CR31]\], and Gadd45g \[[@CR32]\]. Thirdly, a part of these somatic cells develop into SF1-positive precursor cells \[[@CR21]\], and then pre-Sertoli cells undergo the influence of SF1 \[[@CR22]\], WT1 (−KTS isoform) \[[@CR23]\], Sry \[[@CR5]\], Sox9 \[[@CR24], [@CR33]\], and Sox8 \[[@CR34]\]. Finally, to maintain male development, the presence of several factors like FGF9/FGFR2 \[[@CR35], [@CR36]\], PGD2 \[[@CR37]\]**,** AMH \[[@CR38]\], and Dmrt1 \[[@CR39], [@CR40]\] is necessary. Additionally, some signals promoting female development, such as RSPO1 \[[@CR41]\], WNT4 \[[@CR42]\], DAX1 \[[@CR43]\], FOXL2 \[[@CR44]\], and β-catenin \[[@CR41]\], must be inhibited.

Based on the previous research literature, we screened and selected six potential inducing factors, Sry, Sox9, SF1, WT1, GATA4, and Dmrt1, intending to establish a reductionist approach to reprogram the developmental process from mES cells to eSCs \[[@CR6], [@CR8], [@CR9], [@CR23]--[@CR25], [@CR34], [@CR39], [@CR45]--[@CR48]\]. Firstly, we managed to improve the culturing approaches of mES cells by replacing the mouse embryo fibroblast (MEF) feeder with TM4 feeder cells, providing a big number of quality mES cells. With cotransduction of all the six factors, eSCs were successfully induced from these mES cells. After that, the factors were co-upregulated in mES cells with different transcription factors and were removed in each test group to determine their individual function; this approach provided significant evidence through indicating the discrete roles played by these inducing factors and further relieved the developmental barriers for generating eSCs. The maximum cell portion of eSCs (AMH^+^/FasL^+^) reached 23.7% in the transduced groups (group All factors, i.e., mES+Trans) (1 × 10^5^ cells/cm^2^) and up to 56.1% with the pebble-like colonies (PCs) removed by mechanical isolation. These generated eSCs were capable of forming tubular-like structures at high cell densities and ring-like structures at low cell densities. Finally, we detected the cell population, morphological changes, transcriptional level of major biomarkers, timing of epithelial-mesenchymal transformation (EMT) and mesenchymal-epithelial transformation (MET), and finally determined the developmental process from mES cells to eSCs. Conclusively, we proposed a roadmap involving key factors, developmental stages, and specific biomarkers, which established the foundation of revealing the mechanism of inducing eSCs from mES cells.

Materials and methods {#Sec2}
=====================

Preparation of lentivirus {#Sec3}
-------------------------

To obtain the six target genes, Sry, Sox9, SF1, WT1, GATA4, and Dmrt1, they were selectively amplified by PCR from the mouse whole DNA sequences (extracted by a TIANamp Genomic DNA Kit (TIANGEN, China)) or totally synthesized by Takara (Japan) (genes like Sry have multiple repetitive sequences were hard to amplified by PCR). Primer design is listed in Additional file [1](#MOESM1){ref-type="media"}: Table S2. To produce lentiviral plasmids, the six inducing factors were separately integrated into FUW-TetO vectors between the restriction enzyme sites *Bam*H1 and *Eco*R1 and were constructed into six plasmids (FUW-TetO-Sox9, FUW-TetO-WT1, FUW-TetO-GATA4, FUW-TetO-Sry, FUW-TetO-SF1, and FUW-TetO-Dmrt1). The constructed plasmids were amplified in DH5α *E. coli* and later extracted by an EndoFree Mini Plasmid Kit II (TIANGEN, China).

HEK293T cells were cultured in Opti-MEM (Gibco, USA). Following the manufacturer's instructions, each group of HEK293T cells was separately transfected with one of the six plasmids (FUW-TetO-Sox9, FUW-TetO-WT1, FUW-TetO-GATA4, FUW-TetO-Sry, FUW-TetO-SF1, or FUW-TetO-Dmrt1) and respectively co-transfected with psPAX2 and PMD.2G by Lipofectamine3000 (Thermo, USA) (Additional file [1](#MOESM1){ref-type="media"}: Table S4). The supernatant was collected after 48--72 h of post-transfection and was concentrated with Lenti-Pac™ Lentivirus Concentration Solution (GeneCopoeia, USA), followed by its storage − 80 °C for later use.

mES cell line and culture {#Sec4}
-------------------------

The mouse mES cells used in the current study were derived from R1/E cell line (male gender, 129X1 × 129S1), and mouse embryo fibroblasts (MEFs) were derived from Kunming white mice between 12.5 and 13.5 dpc. Both cell lines were obtained from the Chinese Academy of Sciences cell bank (Shanghai, China).

To culture mES cells, MEFs (passage 3, P3) treated with mitomycin C (10 μg/ml, 2--3 h) were seeded in 0.1% gelatin-coated T-flasks as feeder layers. TM4 cells cultured with mES cells as feeder were treated with mitomycin C according to their confluence (Additional file [1](#MOESM1){ref-type="media"}: Table S1). After 12--24 h, mES cells were recovered from nitrogen cryopreservation using medium composed of DMEM with 12.5% fetal calf serum (FBS), 0.11 g/L sodium pyruvate, 0.30 g/L L-glutamine, 1.5 g/L sodium bicarbonate, 0.5 g/L HEPES, 50.0 μmol β-mercaptoethanol, 1× non-essential amino acids (NEAA), and 10^3^ U/mL leukemia inhibitory factor (LIF). Culture medium was replaced every day.

In differentiation experiments, LIF and β-mercaptoethanol were removed from the culture medium as the inducing medium at day 5. Inducing medium was replaced every 2 days. Cell passages were performed when cell confluence reaches over 80%, and cell dissociation was conducted using collagenase I (Gibco, USA).

qPCR (quantitative RT-PCR) {#Sec5}
--------------------------

Total RNA from the test groups was isolated using Invitrogen™ TRIzol™ (Thermo, USA), then reverse-transcribed by a PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time) (TAKARA, Japan). qPCR was performed with SYBR Premix Ex Taq™ II (Tli RNaseH Plus) (TAKARA, Japan) according to the manufacturer's instructions on a CFX96 touch qPCR system (Bio-Rad, USA). Primer design is listed in Additional file [1](#MOESM1){ref-type="media"}: Table S3.

Immunofluorescence (IF) and immunocytochemistry (ICC) {#Sec6}
-----------------------------------------------------

The cell samples being fixed with 4.0% methanol (10-30 min) were perforated on the membrane by Triton X-100 (0.1%, for less than 10 min) and were washed with PBS for three times (10 min per wash). Later, they were blocked with 5% bovine serum albumin (BSA) for 30 min and were incubated with antibodies and Dapi (Sigma, USA) according to the manufacturer's instruction. Followed by washing with PBS as above, the samples were incubated with secondary antibodies, before being completely ready for observation under an EVOS FL Auto imaging system (Life Technologies, USA). The antibodies used in this work are listed in Additional file [1](#MOESM1){ref-type="media"}: Table S5.

Flow cytometry (FCM) analysis {#Sec7}
-----------------------------

Cell samples were dissociated by 0.25% trypsin-EDTA and were washed with PBS followed by their perforation on the membrane by Triton X-100 (0.1%, for less than 10 min), and later were washed again with PBS and were quantified. Then samples were re-suspended in a 100-μL volume of DMEM in a concentration of 1 × 10^6^--10^7^ cells/mL. Matched controls of antibody for FCM were applied according to the manufacturer's instructions using a FACSArial system (BD Biosciences, USA). The quad was set according to isolated mature Sertoli cells, group No factor (control group, i.e., mES+MEF), and group All factors (mES+Trans) according to FasL, AMH, and Sox9 (Additional file [1](#MOESM1){ref-type="media"}: Figure S2A, B, C, D, E). Antibodies are listed in Additional file [1](#MOESM1){ref-type="media"}: Table S6.

Statistical analysis {#Sec8}
--------------------

For experiments replacing MEF with TM4 cells, test samples were cultured in T25 flasks with three parallel samples in each group. In qPCR, results are the average mean of three to four tests for each sample. In experiments inducing eSCs from mES cells, the experiments were successively repeated three to four times. In each experiment, every test group was cultured in T25 flasks with three to four parallel samples. Error bars represent ±SD (standard deviation). Reliable data meet the condition SD/mean \< 10%. Experimental data are reported as mean ± SD. Heat map was expressed as mean value (*n* = 3).

Asterisks indicate statistical significance which was evaluated by one-way ANOVA with SPSS software, and *P* values \< 0.05 were considered statistically significant (\*), *P* values \< 0.01 have great significant statistical difference (\*\*), and *P* values \< 0.001 have extreme great significant statistical difference (\*\*\*).

Results {#Sec9}
=======

Mitomycin-treated TM4 cells can replace MEF as feeder cells of mES cells to improve the cells' pluripotency and gonadal differentiation potential {#Sec10}
-------------------------------------------------------------------------------------------------------------------------------------------------

Generally, mES cells require MEFs as feeder cells to recover from nitrogen cryopreservation and to stimulate the mES growth in vitro. However, mES cells cultured on MEF feeder layers usually have relatively poor growth rates, low cell resuscitation rates after liquid nitrogen cryopreservation, and lose pluripotency over time \[[@CR49], [@CR50]\]. Moreover, MEF feeder layers are mainly isolated from mice embryos, as being unstable in different donor sources. Thus, all these kinds of limitations hamper their application for the large-scale production of mES cells using MEFs as feeder layers. In order to obtain large numbers of quality mES cells for later use, we sought alternative culture methods to improve their proliferation and pluripotency. TM4 cells, a genetically engineered Sertoli cell line, are capable of being cultured for dozens of passages, secreting trophic proteins to facilitate the survival, proliferation, and differentiation of other cells \[[@CR3], [@CR43]\], and could be considered to provide a beneficial environment for mES cells to differentiate into eSCs. Therefore, we used TM4 cells as the feeder layers for culturing of mES cells.

To produce TM4 feeder cells, TM4 cells were treated with mitomycin C according to the conditions presented in Additional file [1](#MOESM1){ref-type="media"}: Table S1. Most of the treated TM4 cells encountered apoptosis within 2 weeks. Moreover, no obvious proliferation of TM4 cells was observed in 1 month when cultured alone or when co-cultured with mES cells.

In a 5-day culture, compared to those with MEFs (group mES+MEF), mES cells co-cultured with TM4 cells (group mES+TM4) grew faster (Fig. [1](#Fig1){ref-type="fig"}b), were capable of forming pebble-like colonies (PCs) (Fig. [1](#Fig1){ref-type="fig"}a), and aggregated into PCs more quickly (Additional file [1](#MOESM1){ref-type="media"}: Figure S1A, B, C). Therefore, we recognized the TM4 cells as better feeder layers for promoting mES cell growth compared to MEF feeder layers via improving PC aggregation \[[@CR50], [@CR51]\]. Presumably, the improved growth of mES cells was due to the enhanced expression of Klf4 (Fig. [1](#Fig1){ref-type="fig"}c), as a factor working in self-renewal and proliferation of mES cells \[[@CR52]--[@CR55]\]. In addition, according to the results of the transcriptional level in comparison to group mES+MEF, mES cells in group mES+TM4 expressed four higher pluripotency biomarkers including Oct4, Sox2, Klf4, and lin28 (Fig. [1](#Fig1){ref-type="fig"}c) \[[@CR56]\] and five developmental stage-specific markers including SIX1, GATA4, WT1, Lhx9, and Emx2 (Fig. [1](#Fig1){ref-type="fig"}e) \[[@CR24]\]. Thus, the results indicate that the replacement of MEFs with TM4 cells improves the differentiation tendency of mES cells to develop into gonadal cells.Fig. 1Recovering mES cells from cryopreservation with MEF or TM4 feeder. **a** At day 3, PCs were able to aggregate in group mES+TM4. Scale bar = 400 μm. Enlarged figure shows on the right. **b** Growth curves of mES cells in mES+MEF, mES+TM4, mES+Trans, and mES+Trans+TM4 groups in the first 5 days. Results were expressed as mean ± SD (*n* = 3 independent experiments). Asterisks indicate statistical significance calculated by one-way ANOVA method and labeled between groups mES+TM4 and mES+MEF at days 4 and 5. **c** Five pluripotency markers of cells were detected in groups mES+MEF, mES+TM4, and mES+Trans by qPCR at day 5. qPCR results were expressed relative to the expression in group mES+MEF (control group). Results were expressed as mean ± SD (*n* = 3 independent experiments). Asterisks indicate statistical significance of differences in the mean gene expression according to the control group (mES+MEF). **d** Transcriptional expression of lentiviral transduced factors in mES cells were detected in groups mES+MEF, mES+Trans, and mES+Trans+TM4. qPCR results show changes in introduced factors among different groups in gene expression relative to expression of β-actin in self-comparison. Results were expressed as mean ± SD (*n* = 3 independent experiments). Asterisks indicate statistical significance of differences in the mean gene expression between the indicated groups. **e** Transcriptional level of some early gonadogenesis markers in mES+TM4 were expressed relative to the expression in group mES+MEF (control group) at day 5. Results were expressed as mean ± SD (*n* = 3 independent experiments). Asterisks indicate statistical significance of differences in the mean gene expression according to the control group (mES+MEF). (\**P* value \< 0.05, \*\**P* value \< 0.01, \*\*\**P* value \< 0.001)

mES cells with lentiviral transduction of all the six factors, Sry, Sox9, SF1, WT1, GATA4, and Dmrt1 (mES+Trans) had a relatively less growth rate as compared to those without infection (group mES+MEF and mES+TM4) (Fig. [1](#Fig1){ref-type="fig"}b). Generally, lentiviral infection could harm mES cells, causing cell death, slow growth, and low expression of inserted factors. However, with TM4 feeder cells, the growth of mES cells (mES+Trans+TM4) was greatly improved as being much faster than groups mES+MEF and mES+Trans (Fig. [1](#Fig1){ref-type="fig"}b). Furthermore, the transcriptional expression level of the six introduced factors had a dramatic increase in mES cells cultured with TM4 feeder cells (mES+Trans+TM4) compared to those cultured with MEFs (mES+Trans) (Fig. [1](#Fig1){ref-type="fig"}d). Thus, as feeder layers, TM4 cells possess the ability to promote the expression of transduced factors in mES cells and to improve the cell growth against the harm caused by lentiviral transduction.

The six factors WT1, Dmrt1, GATA4, SF1, Sry, and Sox9 play different stage-specific roles in inducing eSCs {#Sec11}
----------------------------------------------------------------------------------------------------------

In vivo, eSCs specifically express genes Sry, Sox9, AMH, Sox8, and Dmrt1. Therefore, we selected these genes for genetic co-upregulation of mES cells to induce eSCs by lentiviral transduction. However, after 30 days of culturing, no obvious increase of eSCs was detected via IF or FCM (identification as FasL^+^/AMH^+^ cells). Therefore, we suspected that the improved generation of eSCs could involve a series of development stages including somatic cells of coelomic epithelium and SF1-positive precursor cells, then end up as eSCs (Fig. [2](#Fig2){ref-type="fig"}a).Fig. 2Development fate identification. **a** Stepwise development of progenitor cells to eSCs. **b** Heat map of stage-specific marker expression of different groups. In each transduction group, a different factor was removed from the pool of six factors. Group All factors was transduced with all the six factors. Group No factor was the control group (mES+MEF) without transfection. Group −Sry was the mES cells transduced with the six factors except for Sry. The rest were constructed in the same manner. Flow cytometry (FCM) with specific markers indicating different cell stages. AMH^+^/Emx2^+^ cells indicated coelomic epithelium. AMH^+^/SF1^+^ cells indicated SF1-positive precursor cells. AMH^+^/FasL^+^ cells indicated eSCs. Fluorescence antibody staining was performed after the samples had cell membrane perforation with Triton X-100. The results were expressed as mean value of the maximum positive cell portion of each test group in 35 days (*n* \> 3 independent experiments). Gene expression levels of transcription factors **c** lin28, **d** FOG2, **e** dhh, and **f** Sox8 were detected by qPCR. Results show changes in gene expression relative to the highest expression in each group. **c**--**f** were expressed as mean ± SD (*n* = 3 independent experiments). Asterisks indicate statistical significance of differences in the mean of gene expression by one-way ANOVA according to the positive group (All factors) (\**P* value \< 0.05, \*\**P* value \< 0.01, \*\*\**P* value \< 0.001)

Among the involved factors, WT1, GATA4, SF1, Lhx9, Emx2, Pod1, TIF1β, TIF2, and Insr facilitated the generation of somatic cells in coelomic epithelium \[[@CR23]--[@CR25], [@CR46]\]; SIX1/4, FOG2/GATA4, Cbx2, Map3k4, and Gadd45g had high expression and complex interactions with other functional factors related to the development of progenitor cells of eSCs in bi-potential gonads \[[@CR31]\]; Sry, Sox9, and Sox8 played an important role in male determination, and FGF9/FGFR2, PGD2, AMH, and Dmrt1 were highly expressed along the normal growth of eSCs \[[@CR47]\]. To generate in vivo development leading to Sertoli cells, we selected WT1 and GATA4 for the generation of somatic cells in the coelomic epithelium. Some reports indicated the transcription factor GATA4 is expressed in the coelomic epithelium of the genital ridge, progressing in an anterior-to-posterior (A-P) direction, preceding an A-P wave of epithelial thickening \[[@CR25]\], whereas WT1 fulfills its function in the gonads by regulating a set of target genes, including FOG2, SF1, Sry, and GATA4 \[[@CR23], [@CR57]\]. We speculated that the overexpression of WT1 and GATA4 can initiate a set of pathways, altering the fate of mES cells to gonadogenesis. AMH and Emx2 were selected to detect the generated coelomic epithelium. Steroidogenic factor 1 (SF1) was coded by the NR5A1 gene and helped in controlling the activity of several genes related to the development of the gonads \[[@CR22], [@CR58]\]; moreover, it is widely accepted that SF1-positive precursor cells in coelomic epithelium could be the main source of pre-Sertoli cells in the early urogenital ridge. It was important to test the developmental fate by regulating expression of SF1, and also the detection of SF1-positive precursor cells via the distinguishing expression degree of SF1 and AMH \[[@CR9], [@CR22]\]. Convincingly, Sry and Sox9 were found well concerned in male determination and development of early Sertoli cells \[[@CR9], [@CR45]\]. Accordingly, we also subjected Sry and Sox9 in a factor test and detected eSCs via AMH and FasL. Finally, some report analyses suggested the expression of Dmrt1 could be essential in maintaining male characteristic of eSCs \[[@CR39], [@CR47]\]. So the overexpression of Dmrt1 was included in the test. Therefore, six factors, WT1, GATA4, SF1, Sry, Sox9, and Dmrt1, were chosen to induce eSCs from mES cells; AMH, Emx2, SF1, and FasL were selected for developmental stage identification.

In a 35-day culture, a considerable number of induced eSCs (23.7% among the whole cell population) were generated with the transduction of all the six factors, Sry, Sox9, SF1, WT1, GATA4, and Dmrt1 (group All factors, i.e., mES+Trans) (Fig. [2](#Fig2){ref-type="fig"}b). To explore the function of each of the six factors in deriving eSCs, each transduction group had a different transcription factor removed. The population of coelomic epithelium (AMH^+^/Emx2^+^), SF1-positive precursor cells (AMH^+^/SF1^+^), and eSCs (AMH^+^/FasL^+^) were counted every week via FCM. We took the maximum value for evaluation. As shown in Fig. [2](#Fig2){ref-type="fig"}b, mES cells transduced without WT1 or Dmrt1 hardly generated eSCs (5.8% and 8.3%, respectively), which was very similar to the mES cell group with no upregulated factors (4.7%). The induced eSCs were greatly reduced without upregulation of GATA4 or SF1 (14.6% and 15.1%). Compared to the group with all factors (23.7%), eSC numbers were barely reduced in the absence of Sox9 or Sry (20.2% and 23.1%) (Additional file [1](#MOESM1){ref-type="media"}: Figure S2F). According to the results, mES cells without overexpression of WT1 (group −WT1) or GATA4 (group −GATA4) hardly developed into coelomic epithelium, which was similar to cells with no upregulated factors (group No factor, i.e., mES+MEF). Without upregulation of SF1, coelomic epithelium still formed while SF1-positive precursor cells were not obviously promoted. Overexpression deficiency of Sry (group −Sry) and Sox9 (group −Sox9) did not show obvious difference in generating coelomic epithelium, SF1-positive precursor cells, and eSCs compared to group All factors. Notably, although the generation of coelomic epithelium and SF1-positive precursor cells had been promoted, eSCs could hardly be detected without transcriptional activation of Dmrt1 (group −Dmrt1). We conjectured that eSCs were generated in this group at day 30; however, without activation of Dmrt1, induced eSCs could not maintain male development and lost characteristic expression of male-specific biomarkers including FasL.

The results in Fig. [2](#Fig2){ref-type="fig"}b indicated that Sry or Sox9 could have no indispensable role in inducing eSCs. However, we still speculated these two factors had a contribution in some way. So we detected lin28 (mainly expressed in some stem cells), FOG2 (highly expressed in coelomic epithelium and gonads), dhh (highly expressed in male gonads and eSCs), and Sox8 (expressed along the development of eSCs) in a transcriptional level every 5 days (Fig. [2](#Fig2){ref-type="fig"}c--f). The data showed no overexpression of Sry; these mES cells (−Sry) highly expressed lin28 and FOG2 for a longer period and upregulated dhh and Sox8 which were later compared to those in group All factors. This result indicates that the generation of eSCs was delayed without lentiviral upregulation of Sry, being in accord with the cell population curve (Additional file [1](#MOESM1){ref-type="media"}: Figure S2G). In addition, without enhanced Sox9, the growth of eSCs (−Sox9) was delayed and the maximum population decreased by 3.5% (mean value) and had a statistical difference (*P* value = 0.004) (Additional file [1](#MOESM1){ref-type="media"}: Figure S2F, G). These evidences indicated that the overexpression of Sry and Sox9 had a certain significance.

All these evidences indicated that the function of individual factors was very likely to play different stage-specific roles in the derivation of eSCs and concealed some complicated interactions.

Cellular morphology identification of the derivation process of Sertoli cells {#Sec12}
-----------------------------------------------------------------------------

Cell colonies of mES cells in vitro generally form into PCs. Morphological observation could deliver evidence to identify the presented cell type, characteristic, and developmental stage.

Under an optical microscope, PCs in the group mES+Trans remained much more aggregated than those without six introduced factors (group mES+MEF) in the first 15 days (Fig. [3](#Fig3){ref-type="fig"}a, b). At day 20, by IF, a large population of AMH^+^ cells displayed epithelial-like cellular morphology, and there was found a small number of FasL^+^ cells scattering around PCs, being speculated as incipient generated eSCs (Fig. [3](#Fig3){ref-type="fig"}c). At day 30, according to the ICC result, FasL^+^ cells (dark brown) grew around PCs in group mES+Trans and some of them formed into colonies (Fig. [3](#Fig3){ref-type="fig"}d). These FasL^+^ cells were most likely to be eSCs. In comparison, most of the cells showed to be FasL-negative (pale brown) in the control group (mES+MEF).Fig. 3Observing the induction process with FCM, IF, ICC, and qPCR. Optical micrographs **a** and **b** show the morphological characteristics of the PCs of mES+MEF and mES+Trans groups. In **a**, scale bar = 200 μm and 400 μm for the left and right panels, respectively. In **b**, scale bar = 200 μm. **c** Optical micrographs and IF were performed in group mES+Trans at day 20. Brightfield and fluorescence of AMH (green) images were merged on the left. Fluorescence of FasL (green) and Dapi (blue) merged imaging on the right. Scale bar = 200 μm. **d** ICC was performed with FasL antibody in groups mES+MEF and mES+Trans at day 30. Dark brown color shows the positive cells. Pale brown and achromatic colors show the negative cells. Scale bar = 400 μm. **e** At day 35 in group mES+Trans, tubular-like structure colonies were observed. Results show in optical micrographs on the left, and fluorescence merging images FasL (green) and Dapi (blue) on the right. Scale bar = 200 μm. **f** At day 30, FasL-positive cells formed ring-like structures in group mES+Trans. Scale bar = 100 μm

eSCs in vivo have a tendency to form tubular-like structures which later consist seminiferous tubules in the male genital ridge. After a 40-day culture, under an immuno-electron microscope, a tubular-like structure was displayed according to the blue fluorescent cell nucleus stained by Dapi (Fig. [3](#Fig3){ref-type="fig"}e). However, only a part of these cells indicated to be FasL-positive (green fluorescence). According to the result of FCM identification, a good number of cells lost FasL expression after day 34 (Fig. [4](#Fig4){ref-type="fig"}a). Thus, the cells other than FasL^+^ cells in the tubular-like structure were speculated to be other somatic cells or eSCs losing the expression capacity of FasL due to the development or culture condition. In addition, when cultured in low cell confluence, FasL^+^ cells formed into ring-like structures at day 30 as a normal characteristic of eSCs (Fig. [3](#Fig3){ref-type="fig"}f).Fig. 4Identification of morphological changes with biomarkers, external features, and FCM. The cell portion of FasL^−^/AMH^+^ and FasL^+^/AMH^+^ cells in group mES+Trans were detected via FCM. The result of the whole cell population of mES+Trans between 13 and 48 days is shown in **a**. The result of the cells removed of PCs between 13 and 34 days is shown in **b**. Tests were performed every 7 days and expressed as mean ± SD (*n* = 3 independent experiments). **c** Identification of the transcriptional level of epithelial markers and mesenchymal markers reveals the timing of morphological transformation (MET or EMT) between 5 and 45 days. qPCR was performed every 5 days and expressed relative to the highest expression among each marker. qPCR results took the mean value and are shown in the heat map (*n* = 3 independent experiments). MET mesenchymal to epithelial transformation. EMT epithelial to mesenchymal transformation. Heat map indicates the gene expression levels of major transcription factors in group mES+Trans for **d** pluripotency, onset of gonads, bi-potential gonads, and male gonads, and for **e** introduced factors. qPCR results show changes in gene expression relative to the highest expression in each marker. Results were expressed as mean and transformed into heat map (*n* \> 2)

Development parameters in derivation of Sertoli cells {#Sec13}
-----------------------------------------------------

To analyze the interrelation between the progenitor cells and generation of eSCs, FasL^−^/AMH^+^ cells were identified as a complex cell population including coelomic epithelium and some kinds of somatic cells in the gonads; FasL^+^/AMH^+^ cells were identified as eSCs. In FCM of group mES+Trans, FasL^−^/AMH^+^ cells kept increasing during the first 20 days of induction, and then dropped afterwards (Fig. [4](#Fig4){ref-type="fig"}a). FasL^+^/AMH^+^ cells gradually grew in quantity until day 34, followed by an immediate reduction. The period of increased cell portion of eSCs just met the period of decreased portion of FasL^−^/AMH^+^ cells. For a more accurate result, the PCs were removed by mechanical isolation (pipette blow, cell scrapers, and lifters). While only the differentiated cells spreading around were left, a clear growth trend of FasL^−^/AMH^+^ cells and FasL^+^/AMH^+^ cells was observed (Fig. [4](#Fig4){ref-type="fig"}b). Between 20 and 27 days, the cell portion of FasL^−^/AMH^+^ cells rapidly declined when eSCs had an obvious increase and reached 60% at day 27. Notably, the SUM of these AMH^+^ cells occupied most cell population among these differentiated cells between 13 and 34 days (78.57%, 94.13%, 97.1%, 63.64%). These results implied that the progenitor cells of eSCs could have migrated away from PCs and gradually developed into eSCs. This conclusion accorded with the result shown in Fig. [3](#Fig3){ref-type="fig"}c that many AMH^+^ cells grew around or away from PCs and some FasL^+^ cells separately appeared among the somatic cells outside of the PCs. It is interesting that the progenitor cells of eSCs in vivo also have a stage of migration from the coelomic epithelium to bi-potential gonads \[[@CR6]\].

Single cell morphological changes provide significant information. As progenitor cells of eSCs, somatic cells in the coelomic epithelium were epithelial-like, SF1-positive precursor cells were mesenchymal-like, and eSCs were epithelial-like (Fig. [2](#Fig2){ref-type="fig"}a). In an in vitro environment, immature and mature Sertoli cells presented a mesenchymal-like characteristic. Via epithelial markers and mesenchymal markers, the first EMT was speculated to be happening between 10 and 20 days; MET happened between 20 and 30 days, and the second EMT happened between 30 and 40 days (Fig. [4](#Fig4){ref-type="fig"}c). These results accorded with the sudden decline of FasL^+^/AMH^+^ cells (Fig. [4](#Fig4){ref-type="fig"}b), indicating the expression deficiency of FasL could result from the development of eSCs into immature Sertoli cells or the morphological changes from epithelial-like to mesenchymal-like.

In transcription expression of the major markers, gonad development was ready at day 5 and initiated at day 10. Gonad-related marker genes were significantly increased after day 15 (Fig. [4](#Fig4){ref-type="fig"}d). At day 20, male-determining genes and male gonad-specific marker genes were simultaneously activated. These results clarify the exact periods of different developmental stages. Transcriptional detection of the six introduced factors by qPCR showed their changes along the development (Fig. [4](#Fig4){ref-type="fig"}e). They greatly enhanced the expression between 10 and 35 days due to endogenous gene expression. However, after day 40, most of the male gonad markers greatly declined except Sox8 which might have improved by the overexpression of Sox9. In joint analysis of the cell population curve (Fig. [4](#Fig4){ref-type="fig"}a) and transcription expression (Fig. [4](#Fig4){ref-type="fig"}d), we speculated that the culture condition could be inadequate for maintenance and growth of generated eSCs, or these eSCs had developed into immature Sertoli cells with altered transcription expression.

Discussion {#Sec14}
==========

A novel and potentially efficient approach to deliver eSCs {#Sec15}
----------------------------------------------------------

In this work, a large population of eSCs was successfully induced from mES cells via overexpression of six factors, Sry, Sox9, SF1, WT1, GATA4, and Dmrt1. Here, we established a potential efficient method to deliver eSCs occupying 24% of the whole cell population (1 × 10^5^ cells/cm^2^). With PCs removed, the proportion of eSCs reached 60%. In comparison to other inducing methods \[[@CR19], [@CR20]\], in this approach while improving the population of Sertoli cells from human embryonic stem cells by reducing the size of the cultured cell colonies, the FSHR-positive cells (human Sertoli cells) reached 30--35% in the whole cell population \[[@CR19]\]. In the previous study, the method generating induced embryonic Sertoli-like cells transdifferentiated from mouse fibroblasts; although there was no direct data of the cell proportion of generated Sertoli-like cells, the induced embryonic Sertoli-like cells were speculated to occupy the main cell population and reached a relatively high purity for about 10 days induction \[[@CR20]\]. Because the mouse fibroblasts are mitosis-inactivated and these Sertoli-like cells showed rather high proliferative capability, thus, the inducing approach we built did not have obvious advantage in inducing efficiency; however, our approach is easy to operate and performs better to induce the in vivo development of Sertoli cells, which could be beneficial for the developmental mechanism study in gonadogenesis and clinical application.

However, there were still some barriers in the application of induced eSCs derived from mES cells. As AMH is a secreted factor and Sox9 is nuclear, we need to isolate eSCs by flow cytometry sorting (FACS) according to FasL antibody alone. In the survey sampling of these FasL^+^ cells, samples were treated with Triton X-100, with 90% (± 3%) AMH^+^ and 50% (± 10%) Sox9^+^ in FCM identification (Additional file [1](#MOESM1){ref-type="media"}: Figure S3A, B, C). Thus, we considered these cells as mainly eSCs and performed a mice test with them (Additional file [1](#MOESM1){ref-type="media"}: Figure S4A, B, C, D). However, we realized that there was a flaw in the experiment design. Unlike the approach of reprogramming fibroblast, we cannot clarify the cell types in these FasL^+^ cell populations besides eSCs, which were present as AMH^−^ (about 10%) or Sox9^−^ (about 50%). Furthermore, the mice test did not include cyto-dynamics (BrdU pulse or H2B-GFP), living cell identification, and further systematic biomarker identification. All these deficiencies would be improved, and therefore further research work is required to accomplish this task.

Modeling a roadmap for the derivation of eSCs in vitro {#Sec16}
------------------------------------------------------

In this work, the functions of the six transcriptional factors were determined during the derivation of eSCs. Previously, the functions of WT1, GATA4, SF1, Sry, Sox9, and Dmrt1 were separately explored. Here, we established an interconnection between the combined actions of the six inducing factors at different developmental stages (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Differentiation roadmap of generating Sertoli cells. A speculated stepwise derivation process of the mouse Sertoli cell including relevant molecular mechanisms. GATA4 and WT1 promote the generation of coelomic epithelium. SF1 increases the direct precursor cells of eSCs. Sry and Sox9 improve male determination. Dmrt1 maintains the male development of eSCs and suppresses female determination with Sox9

As a first step, mES cells grow and spontaneously differentiate into three germ layers under an environment without LIF. In differentiated triploblasts, the coelomic epithelium developed from the mesoblastema via GATA4 and WT1. After that, somatic cells in the coelomic epithelium develops into SF1-positive precursor cells with the activation of SF1 enhanced by GATA4, WT1, and additional relevant factors expressed in the coelomic epithelium including Cbx2, Emx2, SIX1, Lhx9, and insulin/IGF. Then the fate of SF1-positive precursor cells diverges due to sex determination. Under the influence of Cbx2, FOG2, WT1, and SF1, Sry is activated and eSCs are derived from SF1-positive precursor cells. Increased expression of Sox9 in eSCs strengthens male determination and positively regulates the expression of FGF9/FAFR2. Via the combined action of Sox9, FGF9/FGFR2, and Dmrt1, female determining signals including RSPO1, WNT4, β-catenin, and FOXL2 are inhibited, which guarantees the development of eSCs into immature Sertoli cells. Finally, these immature Sertoli cells develop into mature Sertoli cells in the testicular environment.

The roadmap model of Sertoli cell derivation would be beneficial for revealing developmental mechanism and sex determination. To further improve the development mechanism model, more information and data could be achieved as follows: (1) accurate identification of all parts of the cell population in the different development stages from mES cells to eSCs via overexpression of the six inducing factors (by FCM or IF), (2) comprehensive detection of the cell model (by microarray or protein array), (3) determination of other functional factors interacting with the known factors, (4) altering the development fate of mES cells by expression deficiency or overexpression of potential functional factors besides the six inducing factors, and (5) since WT1, GATA4, and SF1 have positive influence on the expression of Sry and Sox9, and Sry and Sox9 have positive feedback between each other, thus, the individual factor investigation of Sry and Sox9 should be rigorously designed while involving complex gene silence array of all the 6 factors, (6) given the known functions of Dmrt1, we speculate that eSCs were successfully induced in group --Dmrt; however, they lost some biomarkers including FasL and AMH, or may even have undergone female conversion without genetic upregulation of Dmrt1 \[[@CR39], [@CR40], [@CR59], [@CR60]\]. If so, this attaches new importance to Dmrt1 and draws forth a meaningful survey on the regulation of Dmrt1 in the inducing pathway of eSCs.

Conclusion {#Sec17}
==========

In this study, we determined the six core inducing factors and modeled a differentiation roadmap of mouse embryonic stem cells into embryonic Sertoli cells. By the overexpression of Sry, Sox9, SF1, WT1, GATA4, and Dmrt1, the large amounts of embryonic Sertoli cells (eSCs) were successfully induced from mouse embryonic stem (mES) cells. Moreover, we suggested that the six factors played different stage-specific roles in inducing eSCs. These new findings prospect a potential way for further revealing the mechanisms of male gonadal development and providing potential tools for tracking male fetal reproductive disease. In short, we present a novel and efficient approach to deliver embryonic Sertoli cells from mouse embryonic stem cells. Conclusively, the systematically conducted study presents an efficient approach that will surely help in future to cure the reproductive diseases.
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ANOVA

:   Analysis of variance

A-P

:   Anterior-to-posterior

BSA

:   Bovine serum albumin

EMT

:   Epithelial-mesenchymal transformation

eSCs

:   Embryonic Sertoli cells

FBS

:   Fetal calf serum

FCM

:   Flow cytometry

ICC

:   Immunocytochemistry

IF

:   Immunofluorescence

LIF

:   Leukemia inhibitory factor

MEFs

:   Mouse embryo fibroblasts

mES

:   Mouse embryonic stem

MET

:   Mesenchymal-epithelial transformation

NEAA

:   Non-essential amino acids

PCs

:   Pebble-like colonies

qPCR

:   Quantitative real-time polymerase chain reaction

SD

:   Standard deviation

SF1

:   Steroidogenic factor 1

SPSS

:   Statistical Package for Science and Society
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